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Abstract
In 1958, the U.S. Geological Survey began documenting hydrologic conditions, including groundwater levels, groundwater withdrawals for agricultural irrigation and public water supply, and water quality, in the South Coast aquifer, Puerto Rico. This information has improved the understanding of the water resources of the region. The hydrologic data indicate that (1) groundwater levels declined as much as 40 feet in the Salinas area and 11 feet in the Guayama area during 2012-14; (2) groundwater withdrawals for agricultural irrigation increased from 6.0 to 10.5 million gallons per day, or 75 percent, from 2010 to 2012; and (3) total groundwater withdrawals decreased from 29.3 to 23.8 million gallons per day from 2010 to 2014. The quantity and quality of water in the aquifer is primarily affected by variations in aquifer recharge as a result of changing rainfall or modes of irrigation; however, the spatial patterns and magnitude of water withdrawals for all uses have a secondary impact on the quantity and quality of water in the aquifer.
National Oceanic and Atmospheric Administration data from climatological stations indicate that the 30-year normal precipitation for the period 1991-2010 in the South Coastal and Southern Slopes climatological regions was about 37.74 and 61.61 inches, respectively; the 30-year moving average precipitation for the period 1985-2014 was 37.94 and 61.80 inches, respectively, for these regions. The mean annual precipitation during 2012-14 was 13 percent below the 30-year moving average for the South Coastal climatological region and 7.7 percent below for the Southern Slopes climatological region. When rainfall is below the 30-year moving average, recharge is diminished and groundwater levels decline. Annual precipitation in the South Coast aquifer, which includes a large part of the South Coastal and Southern Slopes climatological regions, was 39.42, 37.25, and 34.89 inches per year for 2012, 2013, and 2014, respectively. Water level declines reduce the thickness of freshwater in the unconfined parts of the South Coast aquifer. Additionally, the pumping-induced migration of poor-quality water from deep or seaward areas of the aquifer can contribute to reductions in the thickness of freshwater in the aquifer. The reduction in the freshwater saturated thickness of the aquifer in areas near Ponce, Juana Díaz, Salinas, and Guayama is of particular concern because the total saturated thickness of the aquifer is thinner in these areas. Total dissolved solids concentration in groundwater samples indicates a small positive trend in Ponce, Santa Isabel, Salinas, and Guayama. Diminished aquifer recharge during 2012 to 2015 and, to a lesser extent, increased groundwater withdrawals have resulted in a reduction in the freshwater saturated thickness of the aquifer. The reduction in freshwater saturated thickness of the aquifer may affect freshwater resources available for agriculture and public water supply. A prolonged time period with reduced aquifer recharge may have substantial implications for groundwater levels and fresh groundwater availability.
Introduction
Documenting current and past hydrologic conditions and predicting future conditions are essential for the sustainable management of water resources. The U.S. Geological Survey (USGS) has collected hydrologic and hydrogeologic data in Puerto Rico since 1958, including records of streamflow, reservoir storage, groundwater levels, and water quality. When used in conjunction with rainfall records collected by the National Oceanic and Atmospheric Administration (NOAA), hydrologic data can improve the understanding of the water resources of the region. The data and interpretations provided by the USGS may also enhance the ability of water-resource managers to document past trends and inform predictions of future trends in water availability and water quality related to variations in groundwater withdrawals, agricultural practices, and weather. Hydrologic data collected by the USGS are made available to the public and to the water resources community online by the Caribbean-Florida Water Science Center San Juan office (http://pr.water.usgs.gov/) and at the USGS National Water Information System (NWIS) Web site (http://nwis.waterdata.usgs.gov/pr/nwis/nwis). Local and regional patterns in precipitation, temperature, and other meteorological parameters have been documented by NOAA since the 1900s (http://www.weather.gov/climate/xmacis.php?wfo=sju).
The South Coast aquifer, which is part of the South Coast Province of Puerto Rico ( fig. 1 ), is the principal source of potable water for the towns of Santa Isabel, Coamo, Salinas, parts of Ponce, Juana Díaz, and Guayama, and supplies (2014) May 5, 2015) . The South Coast aquifer receives the infiltrating residual of precipitation, evapotranspiration, and surface runoff, and is affected by groundwater withdrawals. Prior to the elimination of furrow irrigation in the mid-1980s to early 1990s, the aquifer was primarily recharged by return flow from surface-water irrigation. Historically, the quality of the groundwater in the South Coast aquifer was characterized by low nitrate concentrations (less than 6.0 milligrams per liter [mg/L] and total dissolved solids concentrations ranging from 300 to 600 mg/L, making the water suitable for irrigation use and marginally suitable for potable water supply. With the discontinuation of furrow irrigation and the associated irrigation return flow, the South Coast aquifer is recharged almost exclusively by precipitation and intermittently by streamflow infiltration.
The South Coast aquifer extends across the South Coast Province, an area that is warmer and drier than other parts of Puerto Rico. The locations of active National Weather Service (NWS) rainfall stations operated by NOAA are shown in figure 2. The average precipitation for the 30-year period of record in the South Coastal climatological region ( fig. 2 ) was about 37.94 inches, on the basis of data from the following 15 long-term (active and discontinued) NWS rainfall stations: Aguirre Salinas, Central San Francisco, Ensenada 1W, Guayanilla, Lajas Substation, Ponce 4E, Ponce City, Ponce Mercedita, Potala, Río Canas, Río Jueyes, Sabater, Santa Isabel 2 ENE, Santa Rita, and Yauco. The average precipitation for the 30-year period of record ; the period of record differs by 1 year because data for 2014 were missing) in the Southern Slopes climatological region ( fig. 2) For the South Coastal and Southern Slopes climatological regions, when precipitation is above the 30-year moving average, water levels rise (with increased recharge) and water quality generally improves (with addition of freshwater to the aquifer). When precipitation is below the 30-year moving average, natural aquifer recharge is relatively low, groundwater levels decline, and water quality (including total dissolved solids concentrations) may deteriorate with lateral intrusion of seawater and local (pumping-induced) upconing of deeper poor-quality water. It is apparent from the historical precipitation record that when annual precipitation is less than 10 percent (or 30.11 inches -red horizontal line in figure 3 ) of the minimum 30-year moving average over the period of record, a relative dry period occurs. This condition is less severe in the Southern Slopes climatological region because the minimum 30-year moving average precipitation (60.10 inches) is higher than that of the South Coastal (33.46 inches) climatological region ( fig. 3 ). When precipitation is below 10 percent of the minimum 30-year moving average, the drought interval is estimated as the number of years between rainfall deficits and is represented by the violet bars in figure 3 . Under these conditions, the average drought interval for the South Coastal climatological region is estimated at 3.0 years and for the Southern Slopes climatological region is estimated at 6.1 years ( fig. 4) . Herein, the term drought interval is used; however, a deficiency in rainfall of more than 35 percent below the minimum 30-year moving average precipitation could better explain the drought of 2012-14 (and the first 9 months of 2015). For the South Coastal climatological region, the drought interval is estimated at 38.3 years and more than 67 years, respectively, for 35 and 40 percent below the minimum 30-year moving average ( fig. 4 ). The drought interval for the Southern Slopes climatological region is estimated at 29.3 years and more than 100 years, respectively, when 35 and 40 percent below the minimum 30-year moving average intervals are evaluated ( fig. 4) .
The effects of intermittent wet and dry years have substantial implications for variations in aquifer recharge and, therefore, groundwater levels. By convention, NOAA uses the 30-year normal precipitation estimated at the end of each decade and includes the period of 1981-2010. The 30-year moving average precipitation is preferred over the 30-year normal precipitation because it can be applied to any arbitrary interval of years and not just to the standard decadal intervals used in computation of the NOAA 30-year normal precipitation.
Population at the municipalities of Juana Díaz, Santa Isabel, Coamo, Salinas, Guayama, Arroyo, and Patillas, along the South Coast aquifer, increased about 8,000 from 1980 to 2013 ( fig. 5 ). On the other hand, Ponce had a reduction in population of more than 23,000 from 2000 to 2013 (U.S. Census Bureau, 1980 Bureau, -2013 .
Historically , water that has been transferred from the north coast of Puerto Rico through a network of irrigation canals, known collectively as the Irrigation District, has mitigated the effects of relatively low precipitation on agriculture in the vicinity of the South Coast aquifer. The Irrigation District in the South Coast aquifer is composed of the Canal de Juana Díaz, serving the Ponce, Juana Díaz, and Santa Isabel areas; the Canal de Patillas, serving the Salinas, Guayama, Arroyo, and Patillas areas; the Canal de Guamaní Oeste (West), serving the Salinas and Guayama areas; and the Canal de Guamaní Este (East), serving parts of Guayama, Arroyo, and Patillas areas ( fig. 1 ). Since 1914, most of the southern part of the island has had access to this irrigation network which has provided water for crops such as sugarcane (from the 1910s to 1985, Torres-González, 1991) and vegetables and fruits (since 1987, Kuniansky and Rodríguez, 2010) . A full transition to drip irrigation techniques occurred in 1991; these techniques have not only reduced total agricultural water use, but also have limited net aquifer recharge.
Hydrologic conditions described in this report for the South Coast aquifer include precipitation, groundwater levels in selected USGS observation wells, groundwater withdrawals for agricultural irrigation, and water quality. A detailed evaluation of the hydrologic conditions is presented for the period 2010 to 2015.
Precipitation
Precipitation data for the relatively dry 2012-14 period were available at five NWS rainfall stations: (1) Ponce 4E, (2) Santa Isabel 2ENE, and (3) Aguirre Salinas, located in the South Coastal climatological region; and (4) Juana Díaz Camp, and (5) Guayama 2E, located in the Southern Slopes climatological region. A deficit in precipitation can be established if the accumulated precipitation in a year is compared to the 30-year moving average statistic at a local or regional scale. The local scale will use the 30-year moving average precipitation for the NWS rainfall station, and the regional scale will use the 30-year moving average of annual precipitation of all NWS rainfall stations for the particular climatological region.
In the domain of the South Coast aquifer, rain gages at Ponce 4E, Juana Díaz Camp, Aguirre Salinas, and Guayama 2E recorded annual precipitation below the 30-year moving average for the period 2012-14 (table 1; fig. 6 ) with the exception of Aguirre Salinas, which in 2013 registered an accumulation of 15.8 percent above the 30-year moving average (23.9 percent at a regional scale), and Ponce 4E, which in 2012 registered an accumulation slightly above the 30-year moving average (0.9 percent at a regional scale). In 2014, annual precipitation was about 59.7 percent below the 30-year moving average at Ponce 4E (58.7 percent below at a regional scale) and about 28.2 percent below the 30-year moving average in Juana Díaz Camp (51.3 percent below at a regional scale). Aguirre Salinas and Guayama 2E showed similar departures from the 30-year moving average precipitation of 24.5 and 24.2 percent, respectively, at a local scale and 19.2 and 26.3 percent, respectively, at a regional scale. No precipitation data are available for the NWS rainfall station Santa Isabel 2 ENE since 2011 (table 1) . Annual precipitation was within about 9.4 percent below the 30-year moving average at a regional scale (16.1 percent below when evaluated at a local scale) at Santa Isabel 2ENE in 2010 and 112.2 percent above the 30-year moving average at a local scale (127.1 percent above when evaluated at a regional scale) at Aguirre Salinas in 2011 for the South Coast aquifer. Rainfall departures from the estimated 30-year moving average precipitation for each NWS rainfall station are summarized in table 1 at both local and regional scales. Extended periods of below-average rainfall affect the availability and management of surface-water and groundwater resources. Droughts not only reduce aquifer recharge, but also are accompanied by increased groundwater withdrawals to replace water supply typically derived from rainfall.
Groundwater Levels in Selected USGS Observation Wells
The USGS measures water levels monthly in 23 observation wells in the area of the South Coast aquifer ( fig. 1; table 2 ). The screened wells are open to the South Coast aquifer, and measured water levels in these wells represent water levels in the aquifer. The tightly cased observation wells are distributed along the coastal areas as follows: nine wells between Ponce and Juana Díaz, six wells in Santa Isabel, and eight wells between Salinas and Guayama. In wells equipped with pressure transducers, depth-to-water data are collected at hourly intervals (table 2). Water levels in the Ponce to Juana Díaz coastal areas are represented in this report by piezometer JAC-6. Water levels in the Santa Isabel coastal areas are represented by the Alomar 1 well, because of the length of record, the location, and the reliable response to groundwater recharge and withdrawals. Piezometer A RASA represents conditions in the Salinas coastal areas, and the Jobos well represents the Guayama coastal areas ( fig. 7) .
As a consequence of the recent (2012-14 and continuing into 2015) drought, water levels in piezometer JAC-6, in the Ponce to Juana Díaz coastal area, decreased by 6.25 feet (from November 27, 2013 , to July 30, 2014 prior to a tropical depression in August 2014 that delivered heavy rainfall and reversed the declining water level trend. The water level increased from about 20 feet to 25 feet above mean sea level by September 11, 2014. By February 2015, water levels had decreased about 2 feet, to 23.27 feet above mean sea level ( fig. 7A) .
Groundwater withdrawals and a reduction in aquifer recharge from the loss of irrigation return flow have lowered the water table below sea level throughout most of the Santa Isabel area (Kuniansky and others, 2004) . The decrease in aquifer recharge, which previously was provided by irrigation return flow (discontinued by the early 1990s), is an unintended consequence of the large-scale implementation of groundwater microdrip highly efficient irrigation systems. Groundwater levels in Alomar 1 well, in the Santa Isabel coastal area, have been below mean sea level since January 2014 ( fig. 7B ).
Heavy precipitation raised groundwater levels to 7.73 feet above mean sea level in December 2011, but groundwater levels declined to 3.92 feet below mean sea level by March 2015. Nevertheless, groundwater levels during the recent drought (2012-14 and the first 5 months of 2015) were higher than during previous droughts in 1994-98 and 2001-03. In the Salinas area, water level data from piezometer A RASA indicated a reduction in aquifer saturated thickness of 33.45 feet from October 2011 to March 2015 ( fig. 7C ). Because this observation well is not located near a pumping center, the measured loss in thickness could be representative of a regional water level decline. The reduction in the saturated thickness in piezometer A RASA is the result of sustained groundwater withdrawals and a deficit in aquifer net recharge from precipitation or any possible return flow from crop irrigation.
In the Guayama to Arroyo coastal areas, groundwater levels in the Jobos well have declined almost 10 feet between March 2013 and May 2015 ( fig. 7D ). This decline is similar to the negative trend in piezometer A RASA in the Salinas area for the same period. If groundwater levels are below mean sea level for an extended period of time, the aquifer could be subject to changes in water quality as the seaward hydraulic gradient in the aquifer is reversed and freshwater is replaced by seawater moving inland toward the pumping centers. 
Surface-Water Deliveries

Groundwater Withdrawals
Groundwater withdrawals for public water supply within the area of the South Coast aquifer increased from 14.2 Mgal/d in 1990 to a peak of 25.9 Mgal/d in 2005 and then decreased to 23.82 Mgal/d in 2014 ( fig. 8; table 3 ). This reduction in groundwater withdrawals is not sufficient to halt the decreasing trend in groundwater levels in coastal areas, which were mostly at or below mean sea level, near pumping centers, during 2015. Groundwater use for irrigation decreased from 52.6 Mgal/d in 1990 to 7.11 Mgal/d in 2014 ( fig. 8 ), a reduction of 86 percent.
Groundwater Quality
Groundwater quality can change when the water table is below sea level in coastal areas or when the intensity of pumping induces local upconing of deeper, poor-quality water. When the water table is below sea level, the natural discharge of groundwater along the coast is reversed and can result in the inland movement of seawater or upconing of low-quality water (Kuniansky and others, 2004; Kuniansky and Rodríguez, 2010) .
Historic groundwater quality data obtained from selected wells in the South Coast aquifer indicate increasing trends in total dissolved solids (TDS) concentrations in the Ponce, Santa Isabel, and Salinas areas ( fig. 9) . A decreasing trend in TDS concentrations was observed in the Juana Díaz area ( fig. 9 ).
Some agricultural wells in the southeastern coastal areas of Santa Isabel were reported to be abandoned by farmers during 2008 because TDS concentrations had exceeded 1,600 mg/L (W. Martínez, Puerto Rico Land Authority, oral commun., July 15, 2008). In 2014, samples collected from agricultural and public-supply wells in the Santa Isabel area had TDS concentrations that ranged from 473 to 1,080 mg/L at wells 15 and 12, respectively (fig. 10) ; TDS concentrations in wells in the Salinas coastal area ranged from 443 to 615 mg/L at well 23 and well 35, respectively ( fig. 11 ). Samples collected from 2007 to 2014, from observation wells 29 and 26 located near the coast, had TDS concentrations ranging from 483 to 19,500 mg/L, respectively ( fig. 11; table 4) . As of October 2014, the greatest increase in TDS concentrations occurred in the Ponce area, from 942 to 1,520 mg/L at well 4 ( fig. 10; table 4) .
The ionic composition of water is an indicator of the water source. Distinct zones (hydrochemical facies) in the South Coast aquifer have waters with characteristic ionic composition, and the waters in these zones are referred to as "water types." The water types can be described using the trilinear diagram method (Piper, 1944; Rodríguez and Goméz-Goméz, 2008 (Gómez-Gómez, 1990 ). The NaHCO3 water type results from the weathering of plagioclase minerals present in the volcanic rocks along the northern perimeter of most of the South Coast aquifer and in areas where the volcanic rocks form the base of the aquifer. The NaCl water type results from seawater encroachment along the coast and the Ca(HCO3)2 water type is derived from freshwater infiltration through soils and surficial deposits. The CaCl2 water type results from groundwater dissolution of limestone rocks that lie along the perimeter of the aquifer or at depth, especially in the western half of the coastal plain.
The ionic composition of groundwater in wells south of Highway 2 near Ponce indicates a CaCl2 water type (Rodriguez and Gómez-Gómez, 2008) . In the Juana Díaz area, the composition of groundwater is mostly a Ca(HCO3)2 water type. In the Santa Isabel area, the principal water type in wells parallel to Río Coamo is also Ca(HCO3)2, indicating the streamflow-infiltration effects of Rio Coamo. In the Salinas area, the effect of streamflow infiltration also is evident in wells east of Río Nigua, which show a Ca(HCO3)2 water type ( fig. 12 ). Continued groundwater withdrawals and a reduction in aquifer recharge may cause a change in ionic composition of groundwater. Wells yielding Ca(HCO3)2 type water may, in time, yield CaCl2 type water and those yielding a CaCl2 type may eventually yield a NaCl type water (Gómez-Gómez, 1990 ). The change from Ca(HCO3)2 type water to CaCl2 type water (CaCl2 in figure 12 ) is observed in wells 14, 16, and 19 near the coast of Santa Isabel and well 32 in Salinas.
Nitrate concentrations in natural groundwaters are typically less than 2 mg/L NO3-N (Mueller and others, 1995) . Nitrate in groundwater can occur at elevated concentrations as a result of inorganic fertilizer application, seepage from septic systems, and manure from domestic animal operations. The U.S. Environmental Protection Agency (1995, 2009 ) has established a drinking-water standard for nitrate-nitrogen (NO3-N) of 10 mg/L.
In 2002, nitrate concentrations ranged from 0.67 to 15 mg/L NO3-N in wells in the coastal plain and from 25 to 76 mg/L NO3-N in wells in the foothills north of the coastal plain along the Salinas area (Rodríguez, 2006) . Nitrate concentrations in the coastal plain were associated with inorganic fertilizers and natural vegetative decay. Rodríguez (2006) indicated that nitrate concentrations in wells in the foothills north of the coastal plain were associated with organic waste sources, land application of manure, and seepage from septic systems. In 2014, nitrate concentrations in wells located in the coastal plain in the Salinas area ranged from 3.7 to 11.7 mg/L NO3-N. Samples collected from well 32 in Salinas ( fig. 11) 
Summary
The U.S. Geological Survey documents hydrologic conditions in Puerto Rico and provides hydrologic data that can help improve understanding of the water resources of the region. Groundwater from the South Coast aquifer is the principal source of potable water for towns along the southern coast of the island and also is a primary source of water for agricultural irrigation. The quantity and quality of water in the aquifer is primarily affected by variations in aquifer recharge as a result of changing rainfall or modes of irrigation; however, the spatial patterns and magnitude of water withdrawals for all uses have a secondary impact on the quantity and quality of water in the aquifer.
Annual precipitation during 2012-14 ranged from 15.8 percent above the 30-year average to 59.7 percent below, and during 2010-11 ranged from 12.3 to 112.2 percent above the 30-year average evaluated at a local scale in the vicinity of most of the South Coast aquifer. Precipitation was 15.8 percent above the 30-year average at one site (Aguirre Salinas) in 2013. Annual precipitation during 2012-14 ranged from 1.9 percent above to 59.7 percent below the 30-year annual average for all 3 years at the four sites with an available record (Ponce 4E; Juana Diaz Camp; Aguirre Salinas; and Guayama 2E). Extended periods of below-average precipitation not only reduce aquifer recharge, but also can lead to increased groundwater withdrawals to replace water supply normally derived from precipitation.
Groundwater levels in monitoring wells in the Santa Isabel coastal areas were below mean sea level during December 2013 to March 2015. In the Alomar 1 well, heavy rainfall raised groundwater levels to 7.73 feet above mean sea level in December 2011, but groundwater levels declined to 3.92 feet below mean sea level by March 2015. In the Salinas area, water levels measured at piezometer A RASA indicated a reduction in aquifer saturated thickness of 33.45 feet from October 2011 to March 2015. In the Guayama to Arroyo coastal area, groundwater levels in the Jobos well declined almost 10 feet from March 2013 to May 2015.
Diminished aquifer recharge during 2012-15 and, to a lesser extent, increased groundwater withdrawals have resulted in a reduction in the freshwater saturated thickness of the aquifer. This diminished aquifer recharge may affect freshwater resources available for agriculture and public water supply. The reduction in recharge, if extended, may have substantial implications for aquifer recharge and, therefore, groundwater levels and fresh groundwater availability.
Groundwater quality can change when the water table in coastal areas is below sea level for an extended period of time because the natural discharge of groundwater along the coast is reversed, resulting in the inland movement of seawater or upconing of low-quality water. Groundwater withdrawals and a reduction in aquifer recharge from the loss of irrigation return flow have lowered the water table below sea level throughout most of the Santa Isabel area. Groundwater quality data from selected wells in the South Coast aquifer indicate small but steadily increasing trends in total dissolved solids concentrations from the 1980s to 2014 in the Ponce, Santa Isabel, Salinas, and Guayama areas. A decreasing trend in total dissolved solids concentrations was observed in the Juana Díaz area.
In 2014 
